Abstract Despite significant advances, the radiotherapy and chemotherapy protocols marginally improve the overall survival of patients with glioblastoma. Lipoplatin TM , and Lipoxal TM , the liposomal formulations of cisplatin and oxaliplatin respectively, were tested on the F98 glioma cells for their ability to improve the cell uptake and increase the synergic effect when combined with ionizing radiation. The cytotoxicity and synergic effect of platinum compounds were assessed by colony formation assay, while the cellular uptake was measured by Inductively Coupled Plasma Mass Spectrometer (ICP-MS). After 4 h exposure with platinum compounds, cells were irradiated (1.5-6.6 Gy) with a 60 Co source. The liposomal formulations were compared to their liposomefree analogs and to carboplatin. The concomitant treatment of F98 cells with carboplatin and radiation produced the highest radiosensitizing effect (30-fold increase). Among the platinum compounds tested, Lipoplatin TM produced the most promising results. This liposomal formulation of cisplatin improved the cell uptake by 3-fold, and its radiosensitizing potential was enhanced by 14-fold. Although Lipoxal TM can potentially reduce the adverse effect of oxaliplatin, a synergic effect with radiation was measured only when incubated at a concentration higher than its IC50. Conversely, concomitant treatment with cisplatin did not result in a synergic effect, as in fact a radioprotective effect was measured on the F98 cells. In conclusion, among the five platinum compounds tested, carboplatin and Lipoplatin TM showed the best radiosensitizing effect. Lipoplatin TM seems the most promising since it led to the best cellular incorporation and has already been reported to be less neurotoxic than other platinum compounds.
Introduction
Glioblastoma multiforme (GBM) is the most aggressive brain neoplasm, taking the lives of patients within a median of 12-14 months after diagnosis. Standard treatment typically consists of surgical resection of the tumor followed by radiation and chemotherapy. Even with complete macroscopic resection of the tumor, recurrence is the rule due to diffuse infiltrative growth of the brain parenchyma, at a distance from the main tumor nodule [1] . Radiation therapy remains the most effective singletreatment modality, resulting in at least transient disease control in most patients. Chemotherapy also lead to a slight survival benefit of GBM patients [1] . However, despite decades of research, malignant gliomas remains resistant to radiation and chemotherapeutic drugs, contributing to the poor prognosis associated with these tumors [2] . One potential means to improve the efficacy of radiation is by coupling it with a radiosensitizer.
Numerous platinum (Pt) analogs were evaluated in preclinical and clinical studies but so far only cisplatin, oxaliplatin and carboplatin have been approved for clinical use. The heavy metal compounds exert their antineoplastic effect by binding to DNA [3] . In numerous cell lines, combining radiotherapy and platinum compounds enhances cell killing, possibly by enhancing the production of DNA single and double-strand breaks [4] .
To explain the radiosensitizing properties of platinum compounds, our group has demonstrated that the efficiency of low energy electrons produced by ionizing radiation to induce DNA strand breaks is significantly increased in presence of cisplatin [5] .
Cisplatin combined with external beam radiotherapy resulted in only marginal benefits in the survival of GBM patients [6] . The clinical use of cisplatin has been impeded by severe adverse reactions including renal toxicity, gastrointestinal toxicity, peripheral neuropathy, asthenia, and ototoxicity. Theses adverse effects cause by cisplatin frequently hinder the use of higher doses to maximize its antineoplastic effects [7] [8] [9] [10] . Concomitant radiotherapy with oxaliplatin was investigated for use against some cancers, such as oesophageal squamous cell carcinoma or adenocarcinoma [11] . However, due to neurotoxicity, no such endeavour was undertaken for the treatment of GBM with oxaliplatin in concomitance with radiotherapy.
To prevent the side effects caused by cisplatin and oxaliplatin and optimize the oncologic outcome, a potential approach consists in incorporating the platinum agent in a liposome and combines it with radiation to obtain a synergistic effect. Potential application of liposomal drugs to GBM patients might also benefit from a more avid crossing of the blood-brain barrier by liposomal formulations because of their lipid nature achieving higher concentrations of drug in the brain lesions. Lipoplatin TM and Lipoxal TM , the liposomal formulations of cisplatin and oxaliplatin, respectively, were developed in order to reduce the systemic toxicity of these platinum compounds, while simultaneously improving the delivery of the drug to the primary tumor as well as to metastases by enhancing the circulation time in body fluids and tissues. Preclinical studies have shown that Lipoplatin TM reduced nephrotoxicity in rats, compared to cisplatin [12, 13] . Lipoplatin TM and Lipoxal TM are distributed into tissues and tend to concentrate preferentially at tumor sites apparently via extravasation through the leaky tumor vasculature.
The radiosensitizing ability of carboplatin was also investigated in our study since it was proposed as the most promising platinum compound. In studies of patients with locally advanced head and neck cancer, significantly longer survival rates were seen in the patients receiving concurrent radiotherapy and carboplatin, and the only major toxicity was manageable myelosuppression [14, 15] . However, the benefit for GBM patients treated with carboplatin and radiotherapy remains modest [16, 17] . In this study, the in vitro concomitant treatment of rat glioma F98 cells with Lipoplatin TM or Lipoxal TM and radiation was investigated. Their cellular accumulation, cytotoxicity and synergic effect with radiation were compared to the liposome-free cisplatin and oxaliplatin, and also to carboplatin.
Materials and methods

Chemicals
Cisplatin, carboplatin and oxaliplatin were purchased from Sigma-Aldrich (Oakville, Ontario, Canada). Lipoplatin TM and Lipoxal TM , the liposomal formulation of cisplatin and oxaliplatin, were generously provided by Regulon (Greece). All platinum solutions were prepared immediately before use in FBS-free Minimum Essential Medium Eagle (MEM) (Sigma, Oakville, Canada).
Cell line and culture conditions
The rat F98 cell line was chosen because it represents a good model of human glioblastoma [18, 19] . The F98 cell line was obtained from ATCC and tested negative for the MAP assay by Charles River Laboratories (Wilmington, MA, USA). Cells were grown in monolayer using MEM supplemented with 10% foetal bovine serum (FBS) (Gibco, Canada), 26.2 mM of sodium bicarbonate, 2 mM L-glutamine and a mix of penicillin (100 UI/ml) and streptomycin (100 lg/ml). Cells were incubated at 37°C in a humidified environment with 5% CO 2 and propagated upon confluence, every 3 days.
Cellular uptake of platinum compounds
Cells were allowed to proliferate upon a confluence near 70% and incubated with one of the platinum compound (10 lM) for 4 h. It is to note that the concentrations that we used in our study are similar as the concentration found in plasma in clinical use [20] . The equimolarity of the platinum compounds free and loaded in liposomes was assessed using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (ELAN DRC-II, PerkinElmer). Cells were washed twice with PBS, harvested, counted and reported as cells/ml. Cells were treated with 23% of nitric acid, 8% H 2 O 2 and autoclaved for 1 h. The resulting solutions were then injected in the ICP-MS to quantify the platinum accumulated in the cells. Data were expressed as nmol of platinum per 2 9 10 6 cells. Cells not incubated with platinum were used as control.
Clonogenic assay and synergistic effect determination
Efficiency of the concomitant treatment of platinum compounds with radiation was determined by calculating the combination index (CI) based on results obtained with a clonogenic assay. F98 cells were plated at a density of 1,000 cells per 10 cm Petri dish. After 18 h incubation, culture medium was removed, cells were washed twice with PBS and platinum solutions or control solutions (platinum-free MEM) were added and incubated for 4 h. Thereafter the incubation medium was removed, cells were washed twice, and 10% FBS MEM was added. Colonies were counted 8-10 days after retrieval of the incubation medium. For the concomitance assays with radiation, cells were irradiated immediately after removal of the culture media containing the platinum compounds. Incubation then proceeded for 8-10 days prior to the counting of resulting colonies. Colonies containing more than 50 cells were scored. Experiments were performed a minimum of six times for each treatment modality.
The relative colony formation inhibition (surviving fraction) was plotted. Median-effect or the concentrations of platinum compound required to inhibit 50% of colony formation (IC50) were plotted. CI as well as linear correlation coefficient (r) were calculated using CALCUSYN software from BIOSOFT (Ferguson, MO) developed by Chou [21] . Briefly, the CI were calculated using the equation: where the denominator, (Ptx) is the concentration of platinum compound that inhibits colonies formation at x%, and (IRx) corresponds to the radiation dose which results in the same x% of colonies formation inhibition. In the numerator (Pt) ? (IR) ''in combination'' also inhibit the colonies formation at the equivalent x%. If the sum of these two fractions is equal to 1, additive effect is indicated. If the CI value is smaller than 1, synergism in indicated, and if the CI value is greater than 1, antagonism is suggested.
Data analysis
Differences were analyzed with the Student t test. P values \ 0.05 were considered significant.
Results
Cellular uptake of platinum compounds
Among the liposome-free platinum compounds tested, the highest uptake in F98 cells was obtained with oxaliplatin, followed by cisplatin and carboplatin (Fig. 1) . Incorporation of cisplatin in liposome (Lipoplatin TM ) or oxaliplatin (Lipoxal TM ) significantly increased the uptake in F98 cells. Incubation with Lipoplatin TM resulted in cellular uptake of 0.569 nmol/2 9 10 6 cells, while an accumulation of 0.331 nmol/2 9 10 6 cells was measured with Lipoxal TM . This resulted to an overall 3 and 1.4-fold increase in cell uptake compared to their liposomefree analogs (Fig. 1) .
Cytotoxicity induced by the platinum compounds
The concentration of platinum compounds required to inhibit 50% of colony formation (IC50) was measured. These IC50 values are required to determine the CI when the F98 cells are treated with the platinum compounds in concomitance with radiation. The IC50 values for the five platinum compounds are reported in Figs. 2 and 3 .
The least cytotoxic drug for the F98 cells was carboplatin, which showed an IC50 between 9 and 20 times higher than cisplatin and oxaliplatin. Loading these latter drugs in liposome resulted in a protective effect. The liposomal formulations of cisplatin and oxaliplatin demonstrated reduced cytotoxicity by 3.1 and 2.3-fold compared to their liposome-free analogs. The overall order of cytotoxicity for the platinum compounds for the F98 cells was:
Concomitance effect of platinum compounds with radiation
The concomitance effect was measured on F98 cells incubated at different concentrations of platinum drugs and then irradiated at the dose corresponding to the LD50. This latter value was obtained on platinum-free F98 cells and corresponds to the radiation dose which resulted in a reduction of 50% of the colonies formation. Using a colony formation assay, the LD50 for the irradiated F98 cells was 2.2 ± 0.4 Gy (Fig. 2) . When the platinum compounds were combined with a radiation dose of 2.2 Gy, the most efficient association (lowest combined IC50) to treat the F98 cells was obtained with the concomitant treatment of oxaliplatin and radiation. The overall order of efficiency for the concomitant treatment of the tested platinum compounds was as follows:
It is noteworthy that the largest improvement after radiation treatment was observed with carboplatin. Although carboplatin was the least efficient platinum compound when used as a single treatment, the concomitant treatment with radiation resulted in the largest improvement with a combined IC50 of 1.55 lM compared to 47.5 lM when used alone (a 30-fold improvement). The association of Lipoplatin TM with radiation also led to an important concomitance effect with a combined IC50 14-fold lower than measured when treating with Lipoplatin TM alone. Regarding the other platinum compounds, the concomitant treatment increased the efficiency in F98 cells kill by 2.7-4.5 times. The order of improvement after concomitance treatment with radiation was as follows: carbo-
To determine whether the concomitant treatment obtained with these platinum compounds led to a synergistic effect, the CI was calculated according to the method developed by Chou et al. [21] . A CI value lower than 1 indicates that the drug tested acts as a radiosensitizer (synergic effect), whereas a CI value higher than 1 indicates that a radioprotective effect results from the addition of the drug. We also sought to determine whether the synergic effect would be reached at platinum compound concentrations lower, equal or higher than their respective IC50. Lipoplatin TM was the most promising platinum compound to amplify the cytotoxic effect produced by radiation. A synergistic effect was observed at all the IC50 values tested while the best concomitance effect was obtained with a Lipoplatin TM concentration higher than its IC50. Carboplatin, particularly at concentration higher than the IC50, also amplified the effect of radiation, but to a lower extent than Lipoplatin TM .
Conversely, a radioprotective effect was observed with cisplatin, notwithstanding the drug concentration tested. Regarding Lipoxal TM and its liposome-free analog oxaliplatin, incubation at a concentration lower than their respective IC50 in association with radiation resulted in a radioprotective effect. To reach a radiosensitizing (synergistic) effect, their concentrations had to be increased to a level higher than their IC50 values (Fig. 4) .
Discussion
So far, the therapeutic potential of platinum compounds as radiosensitizers to treat malignant tumors has been limited by the adverse effects observed on normal tissues, which hindered the use of higher doses to maximize their antineoplastic effects. Previous studies have shown that the liposomal formulation of cisplatin and oxaliplatin (Lipoplatin TM and Lipoxal TM ) can reduce the adverse effects and increase the tumor uptake [8] . Our group demonstrated that a significant increase of single and double-strand breaks of DNA is measured when DNA is irradiated in the presence of cisplatin [5] . These results support the fact that a sufficient number of platinum atoms must be accumulated in the cancer cell to reach a radiosensitizing effect. The present study was undertaken to determine whether loading of cisplatin and oxaliplatin into liposomes would increase their capacity to accumulate in the F98 cells and enhance their radiosensitizing properties.
Evaluating the relative cell uptake of liposomal-free platinum compounds in eight cancer cell lines, several authors reported similar results than what was measured in our study with the F98 cells [22, 23] . The lowest cell uptake was obtained after incubation with carboplatin, while an equivalent or slightly higher accumulation was reported with oxaliplatin compared to cisplatin. After loading the drug in liposomes, an important increase in cell uptake was measured with Lipoplatin TM and Lipoxal TM . It was proposed that the ability of liposome to bypass the Pglycoprotein pumps responsible for multidrug resistance can promote a higher uptake of chemotherapeutic agents in resistant cancer cells [8, 24] . Since these multidrug resistance transporters were detected in the F98 cell line [25] , this could explain the higher drug uptake reached with Lipoplatin TM and Lipoxal TM compared to their liposomefree analogs.
The ability of Lipoplatin TM to enhance the accumulation of cisplatin in cancer cells was also observed in clinical studies [9] . Direct measurement of the platinum levels in specimens from the excised tumors and normal tissues showed that the total platinum levels were on average 10-200 times higher in hepatocellular adenocarcinoma, gastric cancer or colon cancer samples compared to the adjacent normal tissue specimens. The tumor targeting was likely due to the preferential accumulation caused by extravasation through the leaky tumor vasculature, and to a higher avidity for Lipoplatin TM by the cell membrane of tumor cells compared to normal cells [8] .
Surprisingly, in our clonogenic assay, Lipoplatin TM and Lipoxal TM resulted in less cytotoxic effect on the F98 cells than their liposome-free analogs. The relative level of cancer cell toxicity induced by cisplatin, oxaliplatin and carboplatin measured on the F98 cells was similar to the results reported by other groups on human glioma cell lines and other cancer cell lines. The most efficient platinum compound, oxaliplatin, generally also reached the highest cell uptake [22, 23, 26] . Conversely, the liposomal formulations Lipoxal TM and Lipoplatin TM enhance the accumulation in the cancer cells but result in a lower cytotoxicity. These results suggest that carrying the cisplatin and oxaliplatin into liposome could lead to a different distribution of these drugs in the cancer cells. More so, this peculiar effect could be related to the inability of the liposomal membrane to let the platinum compound loose in the cell cytoplasm, and thus inhibit its interaction with DNA.
An ideal radiosensitizer should induce limited adverse effects when administrated, but yet amplify cell killing in irradiated cancer cells. Although carboplatin showed a lower level of cytotoxicity for cancer cells than cisplatin and oxaliplatin, it might represent a promising radiosensitizer against GBM since it is not neurotoxic. In our study, the concomitant treatment of F98 cells with carboplatin and radiation has produced a greater improvement in radiation cytotoxicity than cisplatin and oxaliplatin, supporting its clinical evaluation as a radiosensitizer to treat GBM. However, among the platinum compounds tested in our study, Lipoplatin TM remains the most promising in our opinion. This liposomal formulation of cisplatin has the ability to prevent the adverse neurotoxic effects observed with the liposome-free cisplatin [8] . The cell uptake of the liposomal form was improved by 3-fold, and its radiosensitizing potential was improved by 14-fold compared to 2.7-fold for liposome-free cisplatin. Furthermore, a synergistic effect could still be observed when the drug was incubated at lower or higher concentration than its IC50. Although Lipoxal TM can also potentially reduce the adverse effect of oxaliplatin, a synergistic effect with radiation was measured only when incubated at a concentration higher than its IC50, rendering the use of this drug impractical in the clinical situation.
In this study, five platinum formulations were tested to determine their synergistic effect with radiation in F98 glioma cell line. Even if combination of cisplatin with radiation significantly enhanced the proliferation control on F98 cell line, in term of synergism cisplatin was shown to act mostly as a weak radioprotective agent. Whereas oxaliplatin and Lipoxal TM radiosensitize F98 cells only at concentration higher than their IC50 values, carboplatin and Lipoplatin TM depicted the best radiosensitizing effect even at low concentration. Moreover, Lipoplatin TM showed the best cellular incorporation and has already been reported to be less neurotoxic than other platinum compounds. This study on the screening of platinum compounds supports their evaluation in animal models bearing GBM tumor with the ultimate goal of devising a phase I clinical study.
